Activation of nuclear β-catenin and expression of its transcriptional targets promotes chronic myeloid leukemia (CML) progression, tyrosine kinase inhibitor (TKI) resistance, and leukemic stem cell self-renewal. We report that nuclear β-catenin has a role in leukemia cell-intrinsic but not -extrinsic BCR-ABL1 kinase-independent TKI resistance. Upon imatinib inhibition of BCR-ABL1 kinase activity, β-catenin expression was maintained in intrinsically resistant cells grown in suspension culture and sensitive cells cultured in direct contact (DC) with bone marrow (BM) stromal cells. Thus, TKI resistance uncouples β-catenin expression from BCR-ABL1 kinase activity. In β-catenin reporter assays, intrinsically resistant cells showed increased transcriptional activity versus parental TKI-sensitive controls, and this was associated with restored expression of β-catenin target genes. In contrast, DC with BM stromal cells promoted TKI resistance, but had little effects on Lef/Tcf reporter activity and no consistent effects on cytoplasmic β-catenin levels, arguing against a role for β-catenin in extrinsic TKI resistance. N-cadherin or H-cadherin blocking antibodies abrogated DC-based resistance despite increasing Lef/Tcf reporter activity, suggesting that factors other than β-catenin contribute to extrinsic, BM-derived TKI resistance. Our data indicate that, while nuclear β-catenin enhances survival of intrinsically TKI-resistant CML progenitors, it is not required for extrinsic resistance mediated by the BM microenvironment.
INTRODUCTION
Chronic myeloid leukemia (CML) is driven by the BCR-ABL1 oncoprotein, resulting from the t(9;22)(q34;q11) chromosomal translocation. 1 CML typically presents in chronic phase (CP-CML), and without treatment, CP-CML progresses to an acute leukemia termed blastic phase (BP-CML). 2 Tyrosine kinase inhibitors (TKIs) such as imatinib, nilotinib, and dasatinib, induce durable responses in most patients with CP-CML. [3] [4] [5] However, 10-20% of newly diagnosed CP-CML patients exhibit primary or acquired resistance to frontline TKI therapy, and responses in patients with BP-CML are usually transient. [6] [7] [8] TKI resistance is often due to reactivation of BCR-ABL1 through point mutations that impair drug binding. 9, 10 Additional patients develop TKI resistance despite sustained suppression of BCR-ABL1 kinase activity, termed BCR-ABL1 kinase-independent resistance. 2, 11 Conceptually, activation of alternative signaling pathways may occur through cellautonomous mechanisms (intrinsic to the leukemia cells) or by extrinsic factors from the bone marrow (BM) microenvironment. Consistent with the latter, CML cells co-cultured with human BM stromal cells are partially protected from the effects of BCR-ABL1 kinase inhibition. [12] [13] [14] [15] Various pathways are implicated in extrinsic resistance, including JAK/STAT [11] [12] [13] and CXCR4/CXCL12, 16, 17 and evidence suggests that extrinsic factors promote survival of primitive CML cells despite TKI inhibition of BCR-ABL1, resulting in disease persistence. 18, 19 The Wnt-β-catenin pathway is a central signaling system in mammalian development and cellular homeostasis. 20 β-Catenin exists in distinct nuclear and cytoplasmic pools that fulfill multiple roles. 20 Nuclear β-catenin acts as a transcriptional co-activator in complex with lymphoid enhancing factor (Lef)/T-cell factor (Tcf), thereby activating target genes such as axin2. 21 Cytoplasmic β-catenin connects the intracellular portion of classical cadherins to α-catenin and actin filaments, thereby connecting cadherins engaged in cell-cell junctions to the cytoskeleton. 22 Wnt-β-catenin signaling is involved in several critical aspects of CML pathogenesis. Murine studies implicate β-catenin in CML stem cell maintenance in the presence of TKIs. 23, 24 Granulocytemacrophage progenitor cells from patients with myeloid BP-CML can acquire self-renewal capacity through nuclear β-catenin signaling. 25, 26 Activation of a β-catenin-directed transcriptional program has also been linked to TKI resistance and CML persistence in murine disease models and primary human CML cells. 14, [26] [27] [28] [29] [30] However, the mechanism of β-catenin activation in each of these scenarios is not well understood. In BP-CML, expression of an abnormally spliced glycogen synthase kinase 3β (GSK3β) lacking catalytic activity leads to β-catenin stabilization. 31 Another intrinsic mechanism of β-catenin activation is increased expression of GAS2, an inhibitor of the protease, calpain, resulting in cleavage of β-catenin. 32 In primitive CML cells, BCR-ABL1 can activate JAK2 in a kinase-independent manner, resulting in β-catenin stabilization, 30 and Alox5 upregulates β-catenin expression in a kinase-independent manner in murine models of CML. 28 Finally, it has been reported that microenvironmental factors activate nuclear β-catenin, including N-cadherin and engagement of CD27 by its ligand, CD70. 33, 34 Here, we use short hairpin RNA (shRNA)-mediated β-catenin knockdown, Lef/Tcf reporter assays, immunofluorescence and nucleocytoplasmic fractionation in isogenic imatinib-sensitive and -resistant CML cell lines, as well as imatinib-naïve and -resistant primary CML CD34 + cells, to dissect the role of β-catenin in BCR-ABL1 kinase-independent TKI resistance. Our results implicate nuclear β-catenin in intrinsic, cell autonomous TKI resistance, but not in extrinsic, BM-derived TKI resistance.
MATERIALS AND METHODS

Cell cultures and primary cells
TKI-resistant K562 R and AR230 R cell lines have been described and were maintained in continuous 1.0 μM imatinib (TKI-sensitive K562 S and AR230 S cells served as controls). 11 Derivative lines were generated by retroviral or lentiviral infection, followed by antibiotic selection or sorting for GFP + or RFP + cells. All cell lines were confirmed to be negative for mycoplasma contamination using the MycoAlert Mycoplasma Detection Kit (Lonza, Walkersville, MD, USA). The CD34 + fraction (purity 490%, Mitenyi Biotech, San Diego, CA, USA) of peripheral blood mononuclear cells from patients with CP-CML was selected and kept overnight with cytokines (1 × CC100; StemCell Technologies, Vancouver, BC, Canada) before use in inhibitor treatment assays. Isolation of primary mesenchymal stromal cells (MSCs) has been previously described. 35 Donors gave informed consent and studies were approved by The University of Utah Institutional Review Board (IRB). For details on primary specimens, see Supplementary Table S1 .
Stromal cell protection assays K562 S and AR230 S cell lines (1.5 × 10 5 cells/ml) or CML CD34+ progenitors from newly diagnosed patients (10 6 cells/ml) were cultured in regular medium (RM), HS-5 conditioned medium (CM), or in direct contact (DC) with HS-5 cells for 36 h or as otherwise indicated, followed by plating of equal numbers of viable cells in methylcellulose semisolid medium and/or immunoblot analyses. 12, 13 Where indicated, similar assays were performed in DC with primary MSCs harvested from normal donors for allogeneic stem cell transplantation. 35 Anti-N-cadherin (GC-4, Sigma, St. Louis, MO, USA), anti-H-cadherin (LifeSpan Biosciences, Inc., Seattle, WA, USA) or isotype-matched control antibodies (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) were added at 40 μg/ml and pre-incubated with both HS-5 cells and CML cells for 3 h before plating in co-cultures. Antibodies remained in the medium throughout the 36 h protection assay before functional analyses. For details, see Supplementary Materials and Methods. shRNA constructs See Supplementary Materials and Methods.
Apoptosis and proliferation assays
Following in vitro culture in RM or HS-5 DC, apoptosis was assayed by flow-cytometric analyses. For details, see Supplementary Materials and Methods.
Clonogenic assays
Methylcellulose colony assays were performed by plating CML cell lines or patient samples in 0.9% MethoCult (H4230; StemCell Technologies). For details, see Supplementary Materials and Methods.
Immunoblot analysis
CML cell lines (1.5 × 10 5 cells/ml) or patient samples (1.0 × 10 6 cells/ml) were cultured in an equal volume of either RM or HS-5 CM alone or overlaid on HS-5 or primary MSC stroma (65% confluent), and treated with imatinib for 24-36 h without exogenous cytokines. Following TKI exposure, cells were lysed (0°C; 30 min) in 30 μl RIPA buffer (150 mM NaCl, 1% NP-40, 1% SDS, 50 mM Tris (pH 8.0)) containing protease (Complete Mini, Roche, Basel, Switzerland) and phosphatase (PhosStop, Roche) inhibitors, or lysed directly in 20 μl Laemmli buffer. Samples were denatured (100°C; 10 min) before SDS-PAGE and transferred onto nitrocellulose membranes. Antibodies used were mouse anti-β-catenin (#610154) and mouse anti-GRB2 (#610112; BD Transduction Laboratories, San Jose, CA, USA); mouse anti-c-ABL (#OP20; Calbiochem, San Diego, CA, USA); rabbit anti-pABL (#2865) and rabbit anti-WNT5A (#2392; Cell Signaling Technology, Danvers, MA, USA); mouse anti-α-tubulin (#T5168; Sigma-Aldrich, St. Louis, MO, USA); rabbit anti-lamin B (#ab41068; Abcam, Cambridge, MA, USA).
Gene expression microarrays
Amplified and labeled cDNA from HS-5, HS-23 and HS-27a cells was hybridized to a Human Gene 1.0 ST array. Image processing was performed using Affymetrix Command Console (AGCC) v.2.0.0.1029 software (Santa Clara, CA, USA) and expression analysis was performed using Affymetrix Expression Console v.1.1 software (Santa Clara, CA, USA). Microarray assays were performed in the OHSU Gene Microarray Shared Resource (Portland, OR, USA). For details, see Supplementary Materials and Methods.
Nucleocytoplasmic fractionation
Cells were kept on ice and centrifugations were done at 4°C. 3 × 10 6 -10 7 cells were washed twice with ice-cold PBS followed by suspension in solution A (HEPES 10 mM, MgCl 2 6H 2 O 1.5 mM, KCl 10 mM, DTT 0.5 mM, pH: 7.9, 10 min). Cells were centrifuged at 1000 g and resuspended in 350 μl of solution Aʹ (Solution A plus 0.2% NP-40, 20 min) supplemented with protease inhibitors (Complete Mini, Roche). Lysis of cell membranes with preservation of nuclei was confirmed by microscopy. The cytoplasmic supernatant was collected after centrifugation at 13 000 r.p.m. for 2 minutes. Nuclei were lysed in RIPA buffer (see above), and lysates were analyzed by immunoblot analyses. Antibodies against α-tubulin (Cell Signaling Technology) and lamin B (Abcam) were used as controls for the purity of cytoplasmic and nuclear fractions, respectively.
Immunofluorescence
Following the indicated treatment conditions, cells were fixed, permeabilized, and incubated with mouse anti-β-catenin (#2677; Cell Signaling Technology), followed by detection using an AlexaFluor 488-conjugated goat anti-mouse IgG (Invitrogen, Grand Island, NY, USA). Slides were examined using an Axioskop 2 mot plus equipped with an AxioCam microscope camera (Carl Zeiss Microscopy, LLC, Thornwood, NY, USA).
Lef/Tcf reporter assay
To detect endogenous β-catenin transcriptional activity, CML cell lines and CD34 + patient samples were lentivirally transduced with the pGreenFire Lenti-Reporter system (pGF1; System Biosciences, Mountain View, CA, USA) harboring eight sequential β-catenin-inducible elements or negative control sequences. For details, see Supplementary Materials and Methods.
Statistical analyses
A two-tailed Student's t test was used for assays with identical cell lines and CML CD34+ patient samples. Data were considered as statistically different when P-values were o0.05. To ensure adequate statistical power, all data represent three independent experiments unless otherwise stated.
RESULTS
Imatinib does not reduce β-catenin protein levels in CML cells with intrinsic or extrinsic BCR-ABL1 kinase-independent TKI resistance β-Catenin is implicated in CML progression and TKI resistance, but underlying mechanisms remain under study. 14, 26, 27, 29, 36 To dissect the contributions of β-catenin to intrinsic and extrinsic TKI resistance in CML, we began with pairs of isogenic CML cell lines. We modeled intrinsic resistance using K562 R and AR230 R cells, which are adapted for growth in 1.0 μM imatinib and also exhibit resistance to dasatinib and nilotinib. 11 We also tested CD34 + progenitors from CP-CML patients who had failed treatment with ⩾ 2 TKIs but lack clinically reported BCR-ABL1 kinase domain mutations. To model resistance imparted by the BM microenvironment, we cultured K562 S and AR230 S cells, as well as CD34 + progenitors from newly diagnosed CP-CML patients, in CM or DC with HS-5 BM stromal cells. [11] [12] [13] Sequencing confirmed that all primary cells and cell lines expressed exclusively native BCR-ABL1. 11 Immunoblot analysis revealed that imatinib treatment reduced β-catenin protein expression to low levels in TKI-sensitive K562 S and AR230 S cells. However, β-catenin protein expression was unaffected by imatinib treatment in intrinsically TKI-resistant K562 R and AR230 R cells (Figures 1a and b , left), as well as CD34 + cells from TKI-resistant patients (Figure 1c These data demonstrate that β-catenin expression is maintained in both intrinsic and extrinsic BCR-ABL1 kinase-independent TKI resistance. 14 Therefore, in contrast to imatinib-sensitive cells, imatinib-resistant cells have uncoupled β-catenin expression from BCR-ABL1 kinase activity.
Nuclear β-catenin contributes to intrinsic BCR-ABL1 kinaseindependent TKI resistance To further investigate β-catenin in TKI resistance, we constructed a lentiviral shRNA vector targeting β-catenin (shβcat) or a scrambled control (shSCR). Immunoblot confirmed 490% β-catenin knockdown in K562 S and AR230 S cells that was maintained for at least 10 days (Supplementary Figure S1a ). shβcat reduced proliferation of K562 S and AR230 S cells cultured in exponential growth conditions (Supplementary Figure S1b ), as well as increased apoptosis and reduced clonogenicity ( Supplementary Figures S1c  and d ). Despite the striking downregulation of β-catenin expression in the presence of imatinib (Figures 1a and b , left), shβcat but not shSCR further increased apoptosis (Supplementary Figure S1c ) and reduced colony formation (Supplementary Figure S1d ), suggesting that residual β-catenin promotes survival in the presence of imatinib.
To assess the role of β-catenin in intrinsic TKI resistance, K562 R and AR230 R cells were infected with shβcat or shSCR. β-catenin knockdown (Figure 2a ) reduced proliferation and clonogenicity and increased apoptosis (Figures 2b-e ). Effects of shβcat appeared more pronounced in the presence of imatinib, although a direct comparison is difficult due to the detrimental impact of imatinib withdrawal, as described. 11, 37 shβcat also reduced colony formation by CD34 + cells from patients with clinical TKI resistance expressing native BCR-ABL1 ( Figure 2f ). These data implicate β-catenin in intrinsic TKI resistance of CML cell lines and primary cells.
To better understand the relative contributions of nuclear and cytoplasmic β-catenin to intrinsic TKI resistance, we performed nucleocytoplasmic fractionation. β-Catenin was almost exclusively cytoplasmic in K562 S and K562 R cells (Figure 2g , left). However, in Lef/Tcf reporter assays, K562 R cells exhibited a 19% increase of luciferase reporter activity compared with K562 S cells (P o0.05) (Figure 2g , right). AR230 R cells demonstrated higher expression of nuclear β-catenin than AR230 S cells (Figure 2h , left) and a 60% increase of luciferase reporter activity (P o0.05) (Figure 2h , right). We also tested the mRNA expression of β-catenin target genes. Survivin expression was downregulated in K562 S and AR230 S cells treated with 1 μM imatinib, but restored in K562 R and AR230 R cells (Supplementary Figure S2a) . A similar pattern was seen for axin2 expression in K562 S and K562 R cells (Supplementary Figure S2b ). While axin2 was undetectable in AR230 S cells, it was readily detectable in AR230 R cells cultured in 1 μM imatinib (not shown). No consistent regulation was seen for cyclin D1 (Supplementary Figure S2c ). Of these three known β-catenin transcriptional targets, only mRNA encoding survivin was consistently downregulated in shβcat-versus shSCR-expressing K562 R and AR230 R cells (Supplementary Figure S2d) . Altogether, these data suggest that, upon inhibition of BCR-ABL1 kinase activity, intrinsically TKI-resistant CML cells are able to maintain a high level of nuclear β-catenin transcriptional activity, which promotes survival and colony formation (for a schematic diagram, see Supplementary Figure S2e ). DC with HS-5 stromal cells overrides shRNA-mediated β-catenin knockdown To interrogate the role of β-catenin in TKI resistance mediated by the BM microenvironment, K562 S cells were infected with shSCR or shβcat, and the resulting GFP + cells were cultured in RM or HS-5 DC with and without 2.5 μM imatinib. Since HS-5 DC enhances β-catenin protein expression compared with cells grown in RM or HS-5 CM (Figure 1 ), we hypothesized that shRNA-mediated β-catenin knockdown would abolish the protective effects of HS-5 DC. As expected, shβcat reduced β-catenin mRNA to low levels across all conditions (Figure 3a (Figure 3b , left), colony formation was completely restored (Figure 3b, right) . Restoration of β-catenin protein expression in the presence of shβcat was not specific to HS-5 cells, and also occurred with the related HS-23 and HS-27a human BM stromal lines (Figure 3c ). 38 Cell-cell interactions mediated by integrins, selectins, and cadherins, but not immunoglobulin superfamily proteins such as CD34, are calcium-dependent. 39, 40 We therefore assayed DC-mediated β-catenin stabilization in K562 S cells in the presence of EGTA and found that β-catenin stability was reduced (Supplementary Figure S3 ). Altogether, these data suggest that DC with BM stromal cells can stabilize β-catenin protein at the posttranscriptional level in a calcium-dependent manner, and that this stabilization is associated with imatinib resistance.
Blocking cadherin engagement restores the effects of imatinib and shβcat on CML CD34 + cells β-Catenin stabilization may occur through several cell-extrinsic mechanisms. In the canonical WNT/β-catenin pathway, activating WNT family members bind to cell surface receptors, including LRP/Frizzled, to sequester axin/GSK3β from the β-catenin destruction complex, thereby stabilizing β-catenin for entry into the nucleus. 8 In contrast, when β-catenin engages the intracellular domain of classical cadherins, it is removed from the cytoplasmic destruction complex and becomes stabilized at the cell membrane. 41, 42 Non-classical cadherins exhibit different domain structures and not all have intracellular domains to bind β-catenin. 42 To determine the mechanism of HS-5-mediated β-catenin stabilization, we performed mRNA microarray analysis on HS-5, HS-23 and HS-27a stromal cells, all of which stabilized β-catenin in the presence of imatinib (Figure 3c ). N-cadherin and H-cadherin were highly expressed by all three stromal cell lines, while other cadherins were either absent or not consistently expressed (Supplementary Figure S4a) . Of the WNT proteins, only WNT5A was highly expressed in all three stromal lines, while expression of activating WNT proteins (WNT1, WNT3, WNT3A and WNT7A 43 ) was low or absent (Supplementary Figure S4b) . Expression of integrin family members was even across the three cell lines (Supplementary Figure S4c) .
To confirm our cell line data in patient samples, CML CD34 + samples were transduced with either shSCR or shβcat and the knockdown was confirmed by immunoblot and/or qRT-PCR analyses (Figure 4a ). Consistent with results in K562 S cells, culture of shβcat-expressing CML CD34 + cells in HS-5 DC restored colony formation in the presence of imatinib (Figure 4b ). Since N-cadherin was reported to interact with β-catenin in the context of BM-mediated TKI resistance, and is also highly expressed in our HS-5 stromal cell line (Supplementary Figure S4a) , we next cultured CML CD34 + cells expressing shSCR or shβcat in RM or HS-5 DC in the presence or absence of 2.5 μM imatinib with either an N-cadherin blocking antibody or an IgG control. Addition of anti-N-cadherin to co-cultures of CML CD34 + cells expressing shβcat restored imatinib inhibition of colony formation (Figure 4c ). As H-cadherin was also highly expressed on all of the stromal lines ( Supplementary Figure 4a) , we also tested the survival effects of blocking H-cadherin alone or in combination with N-cadherin. For these experiments, CML CD34 + cells from newly diagnosed patients and HS-5 BM stromal cells were pre-incubated for 3 h with anti-N-and/or anti-H-cadherin or an IgG control, and cultured in either RM or HS-5 DC for 36 h with and without imatinib followed by colony forming assays. H-cadherin block reduced colony formation to a similar degree as N-cadherin block, but the combination was no more efficient than each single antibody (Figure 4d ), suggesting redundant roles for both cadherins in protecting CML cells from TKI-mediated cell death. However, neither H-nor N-cadherin block had any effect on β-catenin protein expression ( Figure 4e ).
WNT signaling stabilizes β-catenin through the canonical pathway, 44 and WNT5A was the only WNT protein highly expressed in all BM stromal cell lines (Supplementary Figure S4b) . Depending on receptor context, WNT5A inhibits or activates canonical β-catenin signaling. 43 We therefore expressed doxycycline-inducible shWNT5A in HS-5 stromal cells and tested whether WNT5A knockdown would impact DC-mediated TKI protection. WNT5A knockdown was confirmed by qRT-PCR and immunoblot analysis (Figures 5a and b) . However, downregulation of WNT5A had no effect on HS-5-mediated protection of CML CD34 + cells cultured with 2.5 μM imatinib (Figure 5c ). Together with the fact that HS-5 and related stromal lines do not express appreciable levels of activating WNT proteins, this suggests that Cadherin engagement reduces nuclear β-catenin activity in CML CD34 + cells grown in contact with HS-5 stromal cells Canonical WNT/β-catenin signaling stabilizes nuclear β-catenin, thereby activating transcription of target genes. In contrast, the effects of cadherins on β-catenin transcriptional activity are dependent on the specific cadherin and cell context. 45 We investigated the intracellular localization of β-catenin in extrinsic TKI resistance mediated by HS-5 cells. In three independent experiments, nucleocytoplasmic fractionation and immunofluorescence analyses revealed that β-catenin was found primarily within the cytoplasm of CD34 + cells from newly diagnosed CP-CML patients cultured in either RM or HS-5 DC (Figures 6a and b;  Supplementary Figure S5a ). Similar results were obtained in primitive CD34 + 38 -CML stem cells and more committed CD34 + 38 + progenitors (Figure 6b ). Nuclear β-catenin expression was also low in K562 S cells (Supplementary Figure S5b) and other imatinibsensitive CML cell lines, while nuclear β-catenin expression was high in HCT116 colon cancer cells (Supplementary Figure S5c) . 46 As expected, imatinib reduced cytoplasmic β-catenin in cells grown in RM but not in DC (Figures 6a and b; Supplementary  Figure S5a ). In one patient specimen, low levels of nuclear βcatenin in cells growing in RM were increased in DC, but this increase was abolished by imatinib treatment (Supplementary Figure S5a, Patient #1 ). In the other patient specimens, nuclear βcatenin remained low to undetectable in all conditions (Figure 6a ; Supplementary Figure S5a ). We next expressed a β-catenin reporter construct in CML CD34 + cells and measured luciferase reporter activity when cells were cultured with and without HS-5 DC. Reporter activity was slightly increased by 21% in DC over Figure 6 . Nucleocytoplasmic fractionation, luciferase reporter activity, and immunofluorescence reveal minimal nuclear β-catenin transcriptional activity under conditions of extrinsic TKI resistance. (a and b) Nucleocytoplasmic fractionation (a, n = 3) and immunofluorescence staining with a pan-β-catenin antibody (b, n = 3) confirms that β-catenin is located primarily within the cytoplasm of CD34 + cells from newly diagnosed CP-CML patients, when cultured in RM or HS-5 DC, and when sorted for the CD34 + 38 − or CD34 + 38 + fractions. (c and d) Luciferase reporter assays revealed that transcriptional activity is only minimally increased by HS-5 DC (c, n = 5), and that addition of N-cadherin (n = 3) or H-cadherin (n = 3) blocking antibodies to HS-5 co-cultures results in a slight increase of luciferase reporter activity (d), while at the same time reducing colony forming ability (see Figure 4 ). Collectively, these data suggest that β-catenin transcriptional activity under conditions of DC does not correlate with survival. Bars represent s.e.m. *Po 0.05. controls in the absence of imatinib (Figure 6c , P o 0.05, n = 4) and by 11% in the presence of imatinib (Figure 6c , P = 0.1, n = 4). Thus, despite the pronounced HS-5-induced stabilization of total β-catenin, there was minimal change in β-catenin-dependent transcription. Also, HS-5 DC had no consistent effects on the mRNA expression of the β-catenin target genes axin2, survivin, and cyclin D1 (data not shown). Lastly, we measured luciferase reporter activity in CML CD34 + cells cultured in HS-5 DC with anti-N-or anti-H-cadherin both with and without imatinib. In contrast to their inhibitory effects on colony formation (Figures 4c and d) , N-cadherin blocking antibody caused a 10-15% (P o0.05) and H-cadherin blocking antibody a 30-70% (P o 0.01) increase in luciferase reporter activity (Figure 6d ), suggesting that cadherin engagement reduces nuclear β-catenin transcriptional activity. Accordingly, blocking of N-or H-cadherin engagement resulted in upregulation of the β-catenin target gene, survivin (Supplementary Figure S6 ). Altogether, these data suggest that the protective effects of HS-5 DC are dependent on N-and H-cadherin engagement, but not activation of nuclear β-catenin. β-Catenin protein is dispensable for BM-mediated protection of CML progenitor cells from the effects of imatinib Since β-catenin expression at 24 h was consistently restored in HS-5 DC despite expression of shβcat, we performed a time course experiment in K562 S -shβcat cells to determine when β-catenin protein expression returned. Immunoblot analyses revealed that at 4 and 8 h of co-culture with HS-5 cells, β-catenin protein was still efficiently downregulated ( Figure 7a ). Thus, we assessed whether HS-5 DC protects K562 S -shβcat cells from TKI treatment at these time points. Despite the short-term co-culture and treatment with imatinib, 4 and 8 h of culture with HS-5 cells was sufficient to protect cells from the effects of imatinib (Figure 7b ), arguing against a critical role for β-catenin in extrinsic resistance. To expand on this result, we cultured CML CD34 + cells for 24 h with primary MSCs harvested from normal BM donors. 35 Unlike HS-5 cells, primary MSCs did not stabilize β-catenin protein levels (Supplementary Figure S7a) , while still protecting CML CD34 + cells from the effects of imatinib (Supplementary Figure S7b) . Furthermore, MSC co-culture had no effect on Lef/Tcf reporter activity in CML CD34 + cells from newly diagnosed patients (Supplementary Figure S7c ), suggesting that, while β-catenin protein is stabilized by HS-5 DC, it is not required for DC-mediated TKI protection.
DISCUSSION
BCR-ABL1 kinase-dependent TKI resistance in CML hinges on restoration of BCR-ABL1 kinase activity. 10 In contrast, BCR-ABL1 kinase-independent resistance is based on activation of alternative signaling pathways that maintain viability and growth despite continued suppression of BCR-ABL1 kinase activity. 2 The innate TKI resistance of CML stem cells could be considered a manifestation of BCR-ABL1 kinase-independent resistance that accounts for residual leukemia even in patients with profound TKI responses. 18, 19 BCR-ABL1 kinase-independent resistance may involve both intrinsic and extrinsic mechanisms, and several signaling molecules have been implicated in both CML persistence and overt resistance, including STAT3, 11 PP2A 30,47 and β-catenin. 24, 26, 27, 29 Targeting such universal resistance pathways would have broad applicability for CML therapy.
β-Catenin has been implicated in several aspects of CML biology, including stem cell self-renewal, progression to BP-CML, and TKI resistance. 14, [23] [24] [25] 27, 29, 34 How β-catenin is regulated in these various scenarios remains controversial. Zhao et al. 23 reported reduced BCR-ABL1 protein levels in β-catenin-deficient murine CML, placing β-catenin upstream of BCR-ABL1. In contrast, Coluccia et al. 46 identified β-catenin as a substrate of BCR-ABL1 in CML, where phosphorylation on tyrosines 86 and 654 leads to β-catenin stabilization. Other studies suggest that BCR-ABL1 upregulates and/or activates β-catenin in a kinase-independent manner. 28, 30 Two recent reports have suggested that extrinsic factors regulate nuclear β-catenin in CML. Zhang et al. 33 implicated N-cadherin-mediated interaction with BM stromal cells in the activation of nuclear β-catenin in CML progenitor and stem cells, while Schurch et al. 34 showed β-catenin activation by CD27/ CD70 signaling.
In the present study, we sought to understand the role of βcatenin in intrinsic versus extrinsic BCR-ABL1 kinase-independent TKI resistance. In cell lines and patient samples that are intrinsically resistant to TKIs, β-catenin protein expression was uncoupled from BCR-ABL1 kinase activity. Consistent with this, TKI-resistant cell lines had higher Lef/Tcf reporter activity than TKI-sensitive controls, which correlated with upregulation of β-catenin target genes. Although confirmatory Lef/Tcf reporter assays in CD34 + cells from TKI-resistant patients were precluded by the small numbers of cells available, β-catenin knockdown significantly reduced colony formation, suggesting that nuclear β-catenin promotes intrinsic BCR-ABL1 kinase-independent TKI resistance and may be a potential therapeutic target (Supplementary Figure S2e) . These data are in line with our published gene expression Figure 7 . HS-5 DC is sufficient to enhance survival of K562 S cells in the presence of imatinib, despite efficient β-catenin knockdown at 4 and 8 h of co-culture. (a and b) K562 S cells were infected with either shSCR or shβcat and subject to culture in RM or HS-5 DC. A high dose of imatinib (5 μM) was used to push the system during short time points. At the indicated times, all cells were harvested and the GFP + cells were isolated by FACS. Immunoblot analysis revealed that β-catenin stabilization takes at least 24 h to occur and is not due to contamination by HS-5 stromal cells (a). Colony assays revealed that, despite efficient β-catenin knockdown at 4 and 8 h of HS-5 co-culture, HS-5 DC still protected cells from the effects of short-term treatment with imatinib (b). Thus, while β-catenin protein is stabilized by HS-5 DC, it is not required for DC-mediated protection against TKI treatment. Bars represent s.e.m. *Po0.05. signature, which accurately predicts a patient's response to imatinib, containing significant enrichment of β-catenin target genes in imatinib non-responders. 29 In contrast with intrinsic TKI resistance, our data argue against a role for β-catenin in extrinsic, BM-derived TKI resistance. Similar to intrinsic resistance, β-catenin protein was highly stabilized when TKI-sensitive CML cells were cultured in DC with HS-5 stromal cells in the presence of imatinib. This was observed even in cells expressing shβcat, and correlated with restored colony forming ability in the presence of imatinib. However, despite the striking stabilization of β-catenin protein by HS-5 DC, which was calciumdependent, we did not detect an increase of Lef/Tcf reporter activity in the presence of imatinib, neither by co-culture with HS-5 cells nor primary MSCs, and we saw no consistent changes in β-catenin target gene expression. Additionally, K562 S cells expressing shβcat and plated in HS-5 contact were protected at 4 and 8 h of co-culture, although β-catenin stabilization was not apparent at these time points.
A previous study had implicated N-cadherin in β-catenin stabilization by stromal cells and extrinsic resistance. 33 However, while addition of N-cadherin and/or H-cadherin blocking antibodies to HS-5 co-cultures restored the effects of imatinib on CML cell survival, this had no effect on β-catenin protein stabilization, indicating that β-catenin stabilization is not required for N-cadherin or H-cadherin-mediated extrinsic resistance. Altogether, these data argue against a role for β-catenin in BM-mediated TKI resistance and are at odds with the report by Zhang et al. 33 implicating nuclear β-catenin in stroma-mediated TKI resistance. One potential explanation for the discrepant results is the type of stromal cells used to support CML CD34 + cells (HS-5 cells in our study, hTERT-immortalized primary human marrow MSCs in Zhang et al. 33 ). However, in the present study, co-culture of CML CD34 + cells with primary human MSCs, while protective against TKI treatment, had no effect on Lef/Tcf reporter activity, and did not result in β-catenin stabilization, further supporting our conclusions that stabilization of β-catenin protein and activation of nuclear β-catenin are not required in extrinsic TKI resistance, or that such an effect is highly dependent on the stromal line used.
In contrast to N-cadherin, H-cadherin is anchored in the cell membrane by glycophosphatidylinositol, has no cytoplasmic domain, and uses a different mechanism to form homotypic interactions. Additionally, H-cadherin is capable of engaging noncadherin ligands such as β3 integrin, G protein-coupled receptors, and possibly receptor tyrosine kinases (reviewed in Andreeva and Kutuzov 42 ). Our data for the first time suggest that H-cadherin has pleiotropic effects on CML CD34 + cells grown on BM stroma, including negative regulation of nuclear β-catenin activity and enhanced survival in the presence of imatinib, which may be due to activation of AKT or other downstream molecules. 48 Our data suggest that targeting H-cadherin may be therapeutically useful, but more experimentation will be required to dissect its diverse functions on leukemic and normal hematopoietic progenitor cells.
Collectively, our data implicate nuclear β-catenin in intrinsic BCR-ABL1 kinase-independent TKI resistance, but argue against a direct role for β-catenin in BM-mediated (extrinsic) TKI resistance, with the caveat that even primary CML cells cultured ex vivo on primary MSCs may not fully recapitulate persistent leukemia cells in patients on long-term imatinib therapy, including heterogeneity across patients. Targeting nuclear β-catenin should be primarily considered in patients who fail TKIs in the absence of BCR-ABL1 mutations.
